Neurons and glia in the vertebrate central nervous system arise in temporally distinct, albeit overlapping phases. Neurons are generated first, followed by astrocytes and oligodendrocytes from common progenitor cells. Increasing evidence indicates that axonderived signals spatio-temporally modulate oligodendrocyte maturation and myelin formation. Our previous observations demonstrate that F3/contactin is a functional ligand of Notch during oligodendrocyte maturation, revealing the existence of another group of Notch ligands. Here, we establish that NB-3, a member of F3/contactin family, acts as a novel Notch ligand to participate in oligodendrocyte generation. NB-3 triggers nuclear translocation of the Notch intracellular domain and promotes oligodendrogliogenesis from progenitor cells and differentiation of oligodendrocyte precursor cells via Deltex1.
Introduction
Neural progenitor cells (NPCs) are self-renewing multipotent cells that can give rise to all types of neural cells, namely neurons, OLs and astrocytes. Increasing evidence suggests that this fate commitment of NPCs requires molecular cues provided by extracellular molecules and intrinsic signaling involving various transcription factors (1, 2) . Our recent study has demonstrated that the F3/Notch signaling pathway via Deltex1 (DTX1) promotes oligodendrocyte precursor cell (OPC) differentiation into oligodendrocytes (OLs) and upregulates myelin-associated glycoprotein (MAG) expression in both primary OLs and OLN-93 cells, an OL cell line (3) . F3/contactin is a glycosyl phosphatidylinositol (GPI)-anchored neural cell adhesion molecule of the immunoglobulin superfamily (4, 5) . However, the extracellular molecules involved in the progression from NPCs to OLs have been poorly defined.
The Notch signaling pathway mediates gliogenesis from neural progenitor cells (NPCs) from E17-18 (6) . Notch1 is a transmembrane molecule characterized by a novel signaling paradigm, Regulated Intramembrane Proteolysis (RIP) (7) . Upon activation by the typical ligands, Delta, Serrate/Jagged and Lag2 (DSL), Notch undergoes two programmed proteolytic cleavages and releases the intracellular domain (NICD) into the nucleus where together with transcription factors, CSL/RBP-J and DTX1, NICD modulates the expression of different target genes, such as Hes (8) . Notably, NB-3, a close homologue of F3/contactin (9, 10) , is expressed from embryonic day (E17) onwards with an abrupt increase in the postnatal period and reaches the peak between postnatal day 7 (P7) and P21, which corresponds to the time frame for oligodendrogliogenesis from progenitor cells and OL maturation. In the present study, we demonstrate that NB-3 is a neuronal molecule and activates the Notch signaling pathway to direct OL generation from NPCs and OPCs via DTX1. 
Immunocytochemistry
This was performed mainly as described (3) . For detection of primary NF200, GFAP and Gal-C antibodies, Alexa Fluor 488-conjugated anti-mouse IgG or Alexa Fluor 546-conjugated anti-rabbit IgG (1:1500; Molecular Probes) were used. NPCs, OPCs and OLN were first transfected with plasmid caN1, DTX-D1, DTX-D2, dn-N1 and pcDNA4/LacZ-V5 (Invitrogen) using Lipofectamine 2000 (Invitrogen). The NPCs were treated with or without NB-3 in serum free culture medium without growth factor for 24 hours, and then cells were allowed to differentiate on 13 mm coverslips in 1% FCS medium for 7 days.
The OPC and OLN were treated with NB-3 for 48 hours. Cells were fixed with 4% paraformaldehyde and blocked with 1% BSA. Cells were then incubated with primary antibodies in 0.2% BSA for 1 hour, followed by Cy3-labeled or Cy2-labeled secondary antibody (Amersham Bioscience). After mounting in fluorescent mounting medium (DAKO), cells were visualized with a Leica DM RXA2 fluorescent microscope. The photos were taken using the same optical parameters to ensure the comparable luminosity. At least ten different viewing fields from three independent experiments were used to calculate the percentage of cells showing NICD translocation or differentiation.
In the case of -secretase inhibitor (Sigma) treatment, OLN cells were incubated with 200 µM this inhibitor for 2 hours prior to NB-3 treatment. Two hundred cells from at least three independent experiments were quantified for fluorescence intensities by Adobe Photoshop TM (17) . The raw data were analyzed by Student's t test with p<0.05 and p<0.01 being considered a significant or highly significant difference, respectively.
Cell adhesion assay
This was performed as described (4) . Briefly, 35mm tissue culture petri dishes (Becton Dickinson) were coated with methanol solubilized nitrocellulose and then proteins (12µM) for 2 hours at 37 o C in a humidified atmosphere. Subsequently, the dishes were washed and blocked overnight with 2% heat-inactivated fatty acid-free BSA (Sigma).
After rinsing the dishes the cells were plated in 2 ml of chemically defined medium at a density of 1.5 x 10 6 cells/ml. At 0.5 hour, the cells were gently washed and fixed with 2.5% glutaldehyde. Blockage of adhesion was carried out using anti-F3 (1:100), anti-NB-7 photographed and counted. The results were analyzed by Newman-Keuls test with p<0.05 and p<0.01 being considered significant or highly significant difference, respectively.
Fusion proteins
Production of recombinant NB-3-Fc proteins. The signal sequence of the GPI-anchor was substituted with human IgG Fc followed by a termination codon. The cDNA thus manipulated was inserted into pREP4 between Hind III and BamHI sites, and transfected into HEK293 cells. NB-3-Fc was purified from the conditioned medium using Protein A argarose (Roche).
Production of Notch1 GST fusion proteins has been described previously (3 
Co-immunoprecipitation and GST pull-down assay
These assays were carried out as described 1 . In brief, rat brain membrane samples were Stable transfectants were selected with 400 µg/ml G418 (Sigma) and identified by Western blot and immunocytochemistry.
Luciferase reporter assay
This was performed as described (3) . NPCs (1.5×10 5 /well) in 12-well dishes were used for Hes1 luciferase reporter assays. Cells were transiently transfected using 
Real-time PCR Analysis
This was performed as described (3) . Total RNA from primary OLs was extracted using the QIAGEN RNeasy kit and treated with RNase-free DNaseI (Invitrogen). Samples were used for reverse transcription with random hexamer primers using TaqMan RT Kit (Applied Biosystems). GAPDH was used as internal controls. Real-time PCR was performed using the TaqMan system on an ABI PRISM 7700 Sequence Detection
System. The primers and TaqMan probes were designed using Primer Express Software (ABI) and sequences are available upon request. The raw data from at least four independent experiments were used to determine the relative expression levels of each transcript by employing the comparative C T method (ABI User's manual).
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Results
NB-3 expression parallels OL development.
To better understand the potential role of both NB-3 and Notch in the context of oligodendrogliogenesis from progenitor cells, we investigated the developmental expression patterns of NB-3 and Notch1. Western blot of different rat brain parts:
striatum, hippocampus, cerebellum, brain stem and spinal cord, showed that both NB-3
and Notch1 were present at embryonic day 17 (E17) and in hippocampus, cerebellum and brain stem, NB-3 showed an abrupt increase after birth and reached a maximum level between postnatal day 0 (P0) and 21 (P21), which corresponds to the time frame of oligodendrogliogenesis ( Fig. 1A) . On the other hand, the expression of F3 is generally later than NB-3, which was most obviously seen in the cerebellum and hippocampus. In the striatum, cerebellum and spinal cord, F3 expression level was apparently lower than NB-3 at comparable developmental stages. As expected, myelin-associate glycoprotein (MAG) showed observable expression rather late (from P14) except in the brain stem.
NB-3 is a neuronal molecule.
To determine the cell type(s) that express NB-3, purified neurons, OLs and astrocytes from E17 rat cerebella were separately cultured and double stained for NB-3 and specific markers: neurofilament 200 (NF200) for neurons ( Fig. 1Ba) , galactocerebroside (Gal-C)
for OLs (Fig. 1Bb) and glial fibrillary acidic protein (GFAP) for astrocytes (Fig. 1Bc) .
Only neurons expressed NB-3.
NB-3 and Notch are binding partners.
F3 has been shown to interact with Notch (3). We were interested in determining whether NB-3 also bound to Notch. First, we studied the expression of Notch1 on NPCs by immunofluorescence. The progenitor cells were isolated from embryonic day 14 BALB/c mouse embryo striatum (16) . These cells expressed intermediate filament protein nestin (Fig. 2Aa) , a progenitor marker, and Notch1 (Fig. 2Ab, c) . Then NB-3-Fc fusion protein coupled to Protein A beads was used to precipitate potential binding partners of NB-3 from progenitor cell membrane extracts. The precipitate was positively blotted with rat brain membrane extracts using NB-3 antibody and blotted the precipitates with Notch1 antibody and vice versa. Western blot showed reciprocal co-immunoprecipitation of NB-3 and Notch1 (Fig. 2Bb, c) , suggesting a potential interaction between NB-3 and Notch1.
To confirm the NB-3/Notch interaction, OLN-93 (OLN) cells, a permanent cell line resembling maturing OLs (18) were used in cell adhesion assays as described (3, 4) .
Immunocytochemistry showed that OLN cells expressed Notch1 (Fig. 2Ca) . Cells adhered to the coated NB-3-Fc (NB-3) substrate (Fig. 2Cb) , but not to CHL1-Fc, another neural cell adhesion molecule (19) (Fig. 2Cg) . The adhesion was blocked by preincubation with NB-3 or Notch1 antibodies, but not with F3 antibody or pre-immune serum ( Fig. 2Ce, f) . Interestingly, upon contact with NB-3, cells enlarged rapidly to form an expansive cytoplasmic sheet (Fig. 2Cb) , suggesting that NB-3 might signal to OLN cells to induce morphological change. In addition, murine Notch1-transfected HeLa cells also adhered to NB-3, but mock-transfected HeLa cells did not. And adhesion was reversed by addition of NB-3 or Notch1 antibodies, but not by pre-immune serum (Fig.   2Ch ).
To map the binding site(s) on Notch1, four subcloned sequential equal-sized portions of the mouse Notch1 extracellular domain, labelled as N1.1, N1.2, N1.3, and N1.4 (3) were used in a GST pull-down assay from rat brain lysates. Immunoblotting showed that NB-3 associated only with N1.3, a region containing EGF repeats 22-34 (Fig.   2Ci) . The specificity was confirmed by the observations that NB-3-transfected CHO cells plated upon the individual recombinant fragments bound predominantly to N1.3 ( Fig.   2Cj ) while mock-transfected CHO cells did not bind. Together, these results support the concept that NB-3 is a binding partner of Notch1.
NB-3 triggers Notch RIP at the S3 site and transports NICD to the nucleus.
Notch activation by ligand binding is characterized by NICD nuclear translocation (20) .
We studied whether NICD nuclear translocation in progenitor cells could occur in response to NB-3 stimulation. Merged triple staining showed that NB-3 treatment of nestin (green) positive progenitor cells resulted in NICD clustering (red) in the nucleus visualized by DAPI (blue) (Fig. 3Aa to d) , which was similar to Jagged1 stimulation ( 3Ae to h). However, BSA failed to trigger this event (Fig. 3Ai to l) . To confirm this, we investigated whether NB-3 could activate Notch in OLN cells. Cells were transfected with mNotch1-myc encoding myc-tagged full-length mouse Notch1 and treated with NB-3 ( Fig. 3Ba) or Jagged1 (Fig. 3Bb) . In both cases NICD concentrated in the nucleus.
BSA failed to affect this (Fig. 3Bc ). An antibody against EGF repeats on Notch1 prevented NB-3-induced NICD nuclear clustering (Fig. 3Bd) . These observations indicate that NB-3 interacts with Notch1 to effect typical NICD nuclear translocation.
To study the properties of NB-3-induced NICD release, OLN cells were preincubated with -secretase inhibitor before exposure to NB-3 (Fig. 3Be) or Jagged1 (not shown). This inhibitor specifically targets aspartyl protease. In both cases, nuclear NICD clustering was abolished, indicating that NB-3-induced NICD release involvessecretase. Moreover, cells transfected with two S3 mutants: myc-tagged V1744K and V1744L which abolished S3 cleavage (20) , successfully prevented NB-3- (Fig. 3Bf, g ) as well as Jagged1- (Fig. 3Bh, i) induced NICD nuclear translocation. In Western blot (Fig.   3Bj ), c-myc antibody precipitates from either NB-3 or Jagged1-treated V1744K-myc or V1744L-myc-transfected OLN cells could only be blotted by NICD antibody, which also recognizes intact Notch1 (~250 kDa) (upper panel), but not by V1744 antibody, which only recognizes released NICD from the S3 site. In contrast, mNotch-myc transfected OLN cells generated NICD (~120 kDa) that was blotted by V1744 antibody after NB-3 or Jagged1 treatment (lower panel). Together, these results demonstrated that NB-3 induced -secretase-dependent Notch1 RIP at the S3 site.
NB-3 promotes oligodendrogliogenesis.
Given that the parallel expression of both NB-3 and Notch1 during development, we explored whether NB-3/Notch interaction was involved in oligodendrogliogenesis from progenitor cells. To do this, embryonic neural progenitors were allowed to differentiate for 7 days in the absence of mitogen and in the presence of serum and NB-3 (Fig. 4A, D) , BSA (Fig. 4B, E) or Jagged1 (Fig. 4C, F) , respectively. The cells, identified by DAPI (Fig. 4A-F , blue), were immunostained for OL marker: CNPase (Fig. 4A-C, red) ; neuronal marker: -tubulin (Fig. 4D-F, red) ; and astrocyte marker: GFAP (Fig. 4A-F (21) . Flow cytometry confirmed these observations in that NB-3 induced a 2-fold increase in OL generated, compared to BSA treatment, while Jagged1 inhibited OL development (Fig. 4G) 
NB-3/Notch signaling via DTX1 is involved in oligodendrogliogenesis.
To confirm the involvement of Notch1 in this event, the embryonic progenitor cells from the striatum were transfected with V5-tagged dominant-negative Notch1 (dn-N1) (22) that lacks the intracellular domain but can still bind to extracellular ligand. Hes1 luciferase reporter assay showed that dn-N1 failed to respond to Jagged1 treatment to activate Hes1, compared to Jagged1 treatment of normal NPCs (Fig. 5L) . Double labeling for V5 and CNPase or GFAP showed that dysfunction of Notch1 by dn-N1 abolished NB-3-promoted oligodendrogenesis, while favouring astrocyte formation (Fig.   5A, F, M) . To further investigate whether DTX1 participates in NB-3-induced OL formation, cells were transfected with HA-tagged DTX1-D1 (23) and Flag-tagged DTX1-D2 (24) (Fig. 5B, G) . Hes1 luciferase reporter assay confirmed that DTX1 inhibited Hes1 activation by caN1 while DTX1-D1 and DTX1-D2 restored Hes1 elevation by caN1 (Fig.   5L ). After differentiation in the presence of NB-3, cells were immunostained for Flag and CNPase or GFAP. The results showed that DTX1-D1 (not shown) and DTX1-D2
transfected cells failed to differentiate into OL after NB-3 stimulation but were directed to astrocytes (Fig. 5B, G, M) . And consistent with previous study (25) introduction of caN1 into progenitor cells resulted in astrogliogenesis while inhibiting OL generation (Fig. 5C, H, M) . pcDNA4/LacZ-V5 was used as a control vector and introduction of this vector into the progenitor cells did not affect the effects of NB-3 (Fig. 5D, I ) and BSA (Fig. 5E, J) on oligodendrocyte generation and astrogliogenesis. These observations indicate that NB-3 promoted oligodendrogliogenesis via Notch/DTX1 signaling pathway.
NB-3 promotes OPC differentiation into OLs via Notch/DTX1.
To investigate whether the NB-3/Notch interaction is involved in OL maturation, purified
OPCs from P7 Wistar rat optic nerve (Fig. 6A) were treated with BSA, NB-3 or Jagged1 for 2 days and then immunostained for Ng2 (red), a progenitor marker and CNPase (green), a young OL marker (Fig. 6B-D) . Statistical counting showed that NB-3
promoted OPC differentiation into CNPase-positive OLs (~75%), compared to BSA (~50%) or Jagged1 (~0%) treatment (Fig. 6J) . To confirm the involvement of Notch1/DTX1 signaling in NB-3-promoted OPC differentiation, OPCs were transfected with dn-N1 (Fig. 6E) or DTX1-D1 (Fig. 6F ) and treated simultaneously with NB-3.
Double labelling for tags (green) and CNPase (red) showed that introduction of either construct significantly blocked NB-3-promoted OPC differentiation into OLs (Fig. 6J ).
And consistent with the previous study (26) , caN1-transfected OPCs remained undifferentiated (Fig. 6G, J) . As a vector control, pcDNA4/LacZ-V5 was introduced into
OPCs, but did not affect either NB-3 or BSA-induced OPC differentiation progress (Fig.   6H, I, J) . In primary OLs, we analysed the mRNA levels of MAG, a hallmark of OL maturation by real-time PCR. The analysis showed that NB-3 treatment increased MAG mRNA about 24 fold, compared to BSA treatment (Fig. 6K) . These results indicate that NB-3/Notch via is also involved in OPC maturation. 
Discussion
We have shown that NB-3, a neuronal molecule, is a functional ligand of Notch1. NB-3 activation of Notch releases NICD at the S3 site via RIP and triggers Notch/DTX1 signaling pathway, thus promoting oligodendrogliogenesis from NPCs and OPCs and OL maturation by upregulating myelin related proteins in young OLs (Fig. 7) .
A recent study shows that conditional ablation of Notch1 in OPCs results in the appearance of ectopic premature OLs and subsequent apoptosis (27) . Moreover, in multiple sclerosis (MS), the effort of remyelination is partly thwarted by the inflammation-induced Jagged1 expression by astrocytes that surround OPCs (28). These observations indicate that the spontaneous development of OPCs could be disordered when Notch1 is absence or inadequately activated by Jagged1, and other instructive pathways via Notch, besides the inhibitory Jagged1/Notch signaling pathway, may contribute to correct OPC differentiation into OLs. This notion is supported by our recent findings that the F3/Notch signaling pathway promotes OL maturation (3) and the present study involving NB-3.
In the NB-3 null mice, the cerebellum-related motor coordination is impaired ( 
